A Hybrid Separation Process for the Recovery of Carbon Dioxide From Flue Gases  by Warmuzinski, Krzysztof et al.
 Energy Procedia  37 ( 2013 )  2154– 2163 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.06.094 
GHGT-11 
A hybrid separation process for the recovery of carbon 
dioxide from flue gases 
Krzysztof Warmuzinski*, Marek Tanczyk, Manfred Jaschik,  
Aleksandra Janusz-Cygan 
Institute of Chemical Engineering, Polish Academy of Sciences, ul.Baltycka 5, 44-100 Gliwice, Poland 
Abstract 
Due to the low CO2 concentrations in flue gases (below 20vol.%), the adequate recovery and purity of carbon dioxide 
in the product can only be achieved by using two-stage adsorptive or membrane systems. In these systems, the high 
recovery is commonly obtained by minimising CO2 content in the gas leaving stage 1 and recycling the CO2 that 
remains after stage 2 to the inlet of the installation. The hybrid technique is an obvious extension of the two-stage 
adsorptive or membrane process. However, there are a number of problems that have to be tackled before such a 
system becomes practically attractive. One of these problems is the sequence in which the two sections (adsorption 
and membrane separation) are incorporated into the complete installation. Preliminary studies show that, in the case 
of flue gas purification, the adsorptive section based on pressure swing adsorption (PSA) should come first. In the 
present paper results of detailed numerical simulations are presented for the arrangement proposed. A demonstration 
installation processing around 10 m3(STP)/h of the flue gas is briefly described. 
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1. The principle of the hybrid separation of CO2 from flue gases 
Due to the low CO2 concentration in flue gas streams (below 20vol.%), the adequate purity and 
recovery of CO2 requires the use of two-stage adsorptive or membrane separation systems [1-6]. High 
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Flue Gas
Nitrogen
recoveries are usually achieved by minimizing CO2 content in stage 1 and recycling the CO2 remaining 
after stage 2 to the inlet of the first stage.  
The hybrid process is a natural extension of the two-stage system. An important question is, however, 
what the sequence of the individual components of the whole arrangement should be. If we model the 
removal of CO2 as the separation of CO2/N2 mixtures [6], then both membrane and adsorptive systems 
will generate two gaseous streams. If we aim at 100% recovery of CO2, stage 1 of the hybrid system 
should yield two streams: a stream of pure nitrogen and a gas enriched in CO2. It has been demonstrated 
in [6] that this is indeed feasible in PSA installations, where the concentration of CO2 in the enriched gas  
could be as high as 80vol.%. The complete recovery of CO2 is also, theoretically, possible via membrane 
separation. This, however, necessitates membrane units of very high surface areas, while the CO2 content 
in the enriched gas does not exceed 40-50vol.% [3]. In the case of PSA, the flue gas does not require 
compression  the columns can be fed at a pressure close to atmospheric [1, 6-8], and the regeneration is 
carried out under vacuum [1, 6, 8-11]. Gas permeation process does, however, require the initial 
compression of the feed gas [4]. Although there is an option of using ambient pressure on the feed side of 
the membrane unit and applying vacuum on the permeate side [3, 12-13], membrane manufacturers tend 
to caution against this option. Furthermore, the membrane process leads to lower energy consumption per 
tonne of CO2 avoided provided the inlet CO2 concentration exceeds 20vol.% and the moderate (below 
80%) recovery can be accepted [14]. Consequently, a hybrid separation installation should be composed 
of an upstream PSA unit and a downstream membrane separation stage. 
The scheme of the demonstration installation which currently undergoes performance tests in our 
laboratory is shown in Fig.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The hybrid installation for CO2 capture from flue gases 
A1-A4  adsorbers, C  gas composition, MB  membrane module, O1-O2  dryers, P  pressure, P1  blower, P2  fan, P3  
vacuum pump, P4  compressor, T  temperature, V  gas flow rate, W1 and W3  electric heaters, ZB1  buffer tank, ZB2  
enriched gas tank, ZB3  purified gas tank, ZB4  buffer tank 
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Nomenclature 
 
FF feed flow rate, m3(STP)/h 
FP permeate flow rate, m3(STP)/h 
p pressure, bar 
q* equilibrium concentration in the adsorbed phase, mol/kg 
y mole fraction in the gas phase 
 selectivity coefficient 
 pressure difference between the feed side and the permeate side, bar 
 
2. PSA  separation unit 
2.1. Adsorbent selection 
A key problem in the design of PSA processes for the separation of CO2 from flue gases is the choice 
of a suitable adsorbent. Such an adsorbent should possess, on the one hand, a high sorption capacity vis-a-
vis CO2 and, on the other, an adequate selectivity relative to the other components of the gas stream. The 
adsorbents that fulfil these conditions include activated carbons (AC) and zeolite molecular sieves 13X 
(ZMS) [7, 15-18]. Therefore, the relevant laboratory studies carried out in our Institute were focused on 
commercial adsorbents representing these two groups. In Fig. 2 experimental CO2 adsorption isotherms at 
a temperature of 20ºC are shown. As can be seen, the CO2 adsorption capacities of two samples of ZMS 
13X are by far higher than those for activated carbons, especially over the pressure range 0-2 bar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Experimental adsorption isotherms of CO2 at a temperature of 20ºC 
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To assess the selective properties of the adsorbents studied, CO2/N2 selectivity coefficients were 
determined based on the following definition [19]: 
2N2CO
2N2CO
2/N2CO /yy
/qq
                                                                                                                            (1) 
It is assumed that the concentration of carbon dioxide in CO2/N2 mixtures is 15vol.%. As has been 
shown in [20], selectivities depend on pressure for nonlinear adsorption isotherms. It is indeed seen in 
Fig. 2 that selectivities decrease with an increase in pressure for all the adsorbents studied, with the values 
obtained for ZMS 13X by far higher than those for activated carbons. This tendency is the most 
pronounced over the range of low pressures (0-2 bar) associated with the process of CO2 separation. From 
the standpoint of the process in question, ZMS 13X is thus a better adsorbent and will be used in columns 
A1-A4 of the hybrid installation (cf. Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. CO2/N2 selectivity coefficients at 20ºC 
 
 
2.2. The PSA cycle 
Based on our own experimental and numerical studies [6] supported by a vast body of literature data 
[7-11] it is assumed that the relevant PSA cycle should include the following steps: feed with the flue gas, 
cocurrent depressurisation, purge with the CO2-rich stream, countercurrent depressurisation, vacuum 
regeneration with the purified gas and countercurrent repressurisation with a fraction of the nitrogen 
stream (or, alternatively, cocurrent repressurisation with the feed). The ter
the same direction as that during the adsorption step. The PSA cycle used in the hybrid installation is 
shown in Table 1. 
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Table 1. The PSA cycle used in the hybrid demonstration installation 
Ste  1 2 3 4 5 6 7 8 
         
1      R  PR  
2      P  D  
3     F  D  P  
4     R  PR  F  
- feed, - cocurrent depressurisation, - purge, - countercurrent depressurisation,  - 
regeneration, PR  - countercurrent repressurisation 
 
2.3. Performance of the PSA unit 
The PSA section should yield a stream of pure nitrogen and a CO2-rich gas containing almost all of the 
carbon dioxide fed into the hybrid installation. The concentration of CO2 in the CO2-rich stream depends 
on the proper selection of flow rates during purge ( ) and vacuum regeneration ( ) steps. In [6] 
simulation results were presented concerning the effect of these flow rates on CO2 content in the enriched 
gas. These results clearly show that, for the PSA process analysed, it is possible to obtain the enriched gas 
containing over 80vol.% of CO2, with the complete recovery of carbon dioxide. 
The relevant model of the PSA separation of CO2 from flue gases, presented in [6], formed the 
quantitative basis for extensive simulations of the process occurring in the PSA section of the 
demonstration installation shown in Fig. 1. The results are quite promising as, for the feed flow rates 
below 7.5 m3(STP)/h, the PSA unit can produce an enriched stream containing over 70vol.% of CO2, with 
the recovery nearing 100% (Fig. 4). The flow rate of the enriched stream was 18-20% of the feed flow 
rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Carbon dioxide purity and recovery in the PSA unit  
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3. Membrane separation unit 
The membrane unit of the demonstration installation is based on commercially available membrane 
modules. The mature technology employs polymeric solution-diffusion active layers [21-23]. In our 
laboratory a number of modules have been tested experimentally to assess their performance 
characteristics in the separation of CO2/N2 and CO2/N2/O2 mixtures. In these experiments the feed 
parameters were chosen to comply with the predicted outlet parameters from the PSA unit of the hybrid 
installation. 
In Fig. 5 CO2 concentration in the permeate vs transmembrane pressure difference is shown for the 
feed containing 70vol.% of CO2 and 30vol.% of N2, at a flow rate of 1.2 m3(STP)/h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. CO2 concentration in the permeate vs transmembrane pressure difference. Feed flow rate: 1.2 m3(STP)/h, CO2 content in the 
feed: 70% 
 
 
As can be seen, CO2 
value. The same tendency could be observed for the other sets of the operating parameters. It is worth 
noting that the maximum value of CO2 concentration (>95vol.%) is attained for a relatively low 
transmembrane pressure difference of around 1.5 bar. Since the permeate is withdrawn at atmospheric 
pressure, this means that the enriched feed produced by the PSA unit should only be compressed to 2.5 
bar. 
As shown in Fig. 6, the concentration of CO2 in the retentate drops monotonically with an increase in 
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Fig. 6. CO2 concentration in the retentate vs transmembrane pressure difference. Feed parameters the same as in Fig. 5 
In Fig. 7 the cut rate is shown. This parameter is of economical importance in commercial membrane 
processes, as it directly influences the product purity and yield. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Cut rate. Feed gas parameters: 1.2 m3(STP)/h, 70% CO2  
 
The c e feed flow rate assumed, the cut 
rate is about 0.42. As, in our process, the retentate from the membrane section is recycled to the inlet to 
the hybrid installation, it is advantageous to maintain both the CO2 concentration in the retentate and the 
retent
leads to a drop in CO2 retentate concentration by about 10vol.% and an increase in the permeate flow rate 
by around 25%, at the expense of only slight drop in the concentration of CO2 in the permeate (see Fig. 
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5). In such a case, the flow rate of the stream recycled to the inlet of the hybrid installation would be only 
8.9%-9.4% of the total feed flow rate. 
 
4. Summary and conclusions 
 
The hybrid technique is an obvious extension of the two-stage adsorptive or membrane process. 
However, there are a number of problems that have to be tackled before such a system becomes 
practically attractive. One of these problems is the sequence in which the two sections (adsorption and 
membrane separation) are incorporated into the complete installation. Preliminary studies clearly show 
that, in the case of flue gas purification, the adsorptive section based on pressure swing adsorption (PSA) 
should come first. In such a configuration, the PSA unit can be fed with the gas at a pressure slightly 
above the atmospheric, with the regeneration carried out under vacuum. Moreover, the membrane 
separation has a lower energy consumption per tonne of CO2 removed, provided the concentration of 
carbon dioxide at the inlet to the membrane unit exceeds 20vol.% (which is indeed the case in the 
arrangement proposed). 
The other problem is the selection of a suitable adsorbent that, on the one hand, would offer a high 
sorption capacity for CO2 and, on the other, would safeguard a reasonable selectivity vis-a-vis the 
components of the flue gas relative to CO2. The initial screening revealed that the most promising 
candidates include activated carbons and zeolite molecular sieves 13X. Further equilibrium and kinetic 
measurements were thus focused upon these two adsorbent types leading, among others, to the reliable 
values of selectivity coefficients over a range of pressures and temperatures. 
Finally, based on simulations and literature data a PSA cycle was designed that yields favourable 
values of CO2 purity and recovery without excessive complexity which might compromise the operating 
flexibility of the whole installation. The PSA cycle proposed includes feed with the flue gas, cocurrent 
depressurisation, purge with the CO2-rich stream, countercurrent depressurisation, vacuum regeneration 
with the purified feed and, finally, cocurrent pressurisation with the feed gas (or, alternatively, 
countercurrent pressurisation with the purified stream). 
The membrane section of the hybrid installation is based on commercially available modules. 
Simulations and experimental studies show that the most suitable modules are those using polymeric 
membranes with solution-diffusion mechanism of mass transport. Extensive separation experiments done 
in our laboratory provided a host of useful data for a range of commercially available membranes. The 
feed parameters at the inlet to the test module corresponded to those predicted at the outlet from the PSA 
section. The systems studied were CO2/N2 and CO2/N2/O2 mixtures, while the main operating parameters 
varied in the permeation experiments were transmembrane pressure difference, initial CO2 concentration 
and the feed flow rate. One of the principal conclusions is that the concentration of CO2 in the permeate 
reaches its maximum for relatively modest transmembrane pressure differences (around 1.5 bar). As to 
the retentate, the content of CO2 decreases monotonically with transmembrane pressure drop; conversely, 
the cut rate increases with a rise in this parameter. Since the retentate from the membrane section is 
recycled to the inlet of the hybrid system, the most favourable situation is that in which both the CO2 
retentate concentration and the retentate flow rate are kept at as low a level as possible. 
The approach proposed in the present study  the combination of pressure swing adsorption with 
membrane separation should offset the limitations of the two techniques employed separately, i.e. high 
energy consumption in the case of PSA and excessive capital costs of membrane separation. The 
configuration analysed includes a four-column PSA unit and a capillary membrane unit. Based on 
preliminary simulations and experiment it is found that, in the PSA section, it is possible to recover nearly 
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all of carbon dioxide, with a CO2 outlet concentration of 50-80vol.%. In the membrane section, this 
stream can be further enriched to yield a permeate stream containing 90-99vol.% of CO2. The recycle of 
the retentate, with a content of 20-60vol.% of CO2, to the inlet of the hybrid system will lead to an almost 
complete recovery of carbon dioxide. Experiments in a demonstration installation processing around 10 
m3(STP)/h of flue gas are currently underway, supported by the relevant optimisation studies. 
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